The mammalian target of rapamycin kinase (mTOR) regulates protein synthesis in neurons at the translational level through phosphorylation of several intracellular targets. Recent work in invertebrates indicates that mTOR-dependent translational control may be critical for the induction and maintenance of activity-dependent synaptic plasticity underlying memory formation. Here, we report that training rats in a simple fear conditioning procedure evokes a time-dependent increase in the phosphorylation of p70s6 kinase, a major direct downstream target of mTOR. When the activation of mTOR was prevented by posttraining injection of rapamycin into the amygdala, formation of the memory and the increase in p70s6 kinase phosphorylation was attenuated. Furthermore, when rapamycin was applied to the amygdala after the recall of a previously stored fear memory, subsequent retention was disrupted, indicating that local translational control at active synapses is required for the stability as well as the formation of long-term memory in this system.
Introduction
The signaling pathway controlled by the mammalian target of rapamycin (mTOR) kinase regulates protein translation by controlling the phosphorylation state of the eIF4E-binding protein 1 (4E-BP1) and p70s6 kinase (p70s6K) (for review, see Raught et al., 2001) . Rapamycin (RAP) is an inhibitor of the mTOR pathway, and work in various preparations has pointed to this pathway as being critical for different types of synaptic plasticity (Casadio et al., 1999; Tang et al., 2002; Cammalleri et al., 2003) . Several reports point to a role for the mTOR pathway in synaptic plasticity, but few studies have examined the role of mTOR in memory formation (Tischmeyer et al., 2003) .
The amygdala is thought to be the brain area where critical synaptic plasticity occurs, supporting the formation of fear memory (Fanselow and LeDoux, 1999) . Previous research has shown that the consolidation of fear memory in the amygdala depends on macromolecular synthesis and various other specific intracellular mechanisms Josselyn et al., 2001) . Despite the progress in understanding how the amygdala consolidates fear memory, very little is known about the role of translational regulation in fear memory and in memory formation in general.
A few recent studies have suggested that translational control is a critical feature of synaptic plasticity and memory formation. Kelleher et al. (2004) demonstrated that the extracellular signalregulated kinase (ERK)/mitogen-activated protein kinase pathway is involved in regulating the phosphorylation state of numerous factors implicated in controlling translation initiation, including eIF4E, 4E-BP1, and the ribosomal protein S6. The genetically altered mice used in this study also showed deficits in long-term potentiation (LTP) and hippocampus-dependent memory. Other recent studies using mice knock-out models have also argued for a role of translational regulation in synaptic plasticity and memory (Banko et al., 2005; Costa-Mattioli et al., 2005) .
Although a handful of studies have argued for a role of translational regulation in memory formation and neuronal plasticity, these studies primarily used genetic mouse models, which often lack temporal and brain region specificity. These recent studies have also focused almost exclusively on the hippocampus, whereas very little work has examined the involvement of translational regulation in hippocampus-independent memories. Furthermore, no published studies have determined whether this mechanism is involved in the reconsolidation of memory after retrieval, which refers to the idea that memories become labile after reactivation whereby protein synthesis is needed to restabilize them (Nader et al., 2000) .
In the current study, we gave infusions of RAP into the amygdala immediately after fear conditioning to determine whether disruption of the mTOR pathway in the amygdala affects fear memory formation. Separate experiments sought to characterize the expression of total and phospho-p70s6K in amygdala homogenates in time periods after fear conditioning and treatment with RAP. Finally, we examined the effect of RAP treatment on fear memory reconsolidation in the amygdala. These experiments provide evidence that translational events controlled by the mTOR pathway contribute to long-term fear memory formation in the amygdala.
Materials and Methods
Subjects. One hundred fifty-four naive male Long Evans rats obtained from Harlan (Madison, WI) weighing ϳ300 -350 g served as subjects. All animals were individually housed in stainless-steel hanging cages and housed in a room maintained on a 14:10 h light/dark cycle. Experiments took place during the light portion of the cycle. Food and water were available ad libitum. All procedures were performed with approval from the Institutional Animal Care and Use Committee.
Surgery. Animals were handled for several days before surgery. Rats that underwent surgery were implanted with bilateral cannulas aimed at the amygdala [anteroposterior (AP), Ϫ2.8; lateral (L), Ϯ5.0; ventral (V), Ϫ7.2]. Coordinates were chosen based on a rat brain atlas (Paxinos and Watson, 1998) . Before surgery, animals were anesthetized with intraperitoneal injections of ketamine HCl (100 mg/kg body weight) and sodium pentobarbital (2.5 mg/kg/rat). The cannulas were anchored to the skull using stainless-steel screws and acrylic cement. Obdurators (33 gauge) were inserted into the guide cannulas to prevent blockage.
Apparatus. Auditory fear conditioning was conducted in a set of four Plexiglas and stainless-steel observation chambers (Context A) housed in sound-attenuating chambers. The floor was comprised of 18 stainlesssteel bars 5 mm in diameter spaced 12 mm apart and connected to a shock generator. Ventilation fans produced 62-64 dB of background noise. Each chamber was equipped with a speaker centered in the middle of one end of the chamber. Before testing of each animal, Context A was cleaned with a 5% ammonium hydroxide solution.
Fear to the auditory conditioned stimulus (CS) was tested in chambers (Context B) that had slanted walls on one side and a rounded wall on the other side. The floors were made of Plexiglas, and fans provided a background noise of ϳ58 dB. Each chamber was enclosed in a soundattenuating box and illuminated with a white light. Before testing of each rat, the chambers in Context B were wiped down with a 2% acetic acid solution.
Drug preparation and infusion procedure. In all cases, rats received bilateral infusions into the amygdala. The total volume of the infusion (0.5 l/side) was given over 60 s, and the injection cannula remained in place for an additional 90 s to ensure diffusion away from the injector tip. The injection cannulas were cut to extend ϳ0.5 mm beyond the guide cannulas. Rats were returned to their home cages after infusions. Rapamycin (Calbiochem, La Jolla, CA) was dissolved in 100% Dimethyl Sulfoxide (Sigma, St. Louis, MO) to the appropriate dose.
Behavioral procedures. One week after surgery, animals were habituated to the handling and injection procedure. To habituate the animal to the microinjection procedure, each rat was restrained in a towel for several minutes, the obdurators were removed, and the scalp was cleaned. During this time, the infusion pump to be used during the experiment was activated to habituate the animals to the sound it produces. After this was complete, the obdurators were replaced and the animal was returned to its home cage. This was repeated once a day for 4 d.
Training involved a 6 min baseline followed by four white noise (72 dB; 10 s)-shock (1 mA/1 s for initial dose-response experiment) (1.3 mA/1 s for experiment 2 in Fig. 1c,d ) pairings separated by a 90 s intertrial interval. After a 4 min postshock period, animals were removed from the training context (Context A). Immediately after the training session, rats were brought into an adjacent room and given infusions of RAP or DMSO. In the first experiment, rats (n ϭ 38) were given infusions of DMSO or different doses (5, 50, 100, 500, 1000 ng/l) of RAP into the amygdala. In the second experiment, the animals (n ϭ 23) were given RAP (5 g/l) or DMSO immediately after training. Approximately 24 h later, animals were placed into Context A for a context test as well as a novel context never paired with shock (Context B) in a counterbalanced order. The context test involved exposing animals to Context A for 15 min. During the auditory CS test, animals were placed in Context B for 15 min in which a 6 min baseline was followed by 5 min of continuous exposure to the white noise. Rats were removed from the chamber 4 min after the white noise ended and taken to their home cage.
Training for the immediate versus delayed shock experiment went as follows. Animals in the immediate shock group (n ϭ 8) were placed into Context A, immediately shocked (1.3 mA; 2 s), and allowed to remain in the chamber for 3 min. The delay group (n ϭ 9) was allowed to explore Context A for 2 min, received a shock (1.3 mA; 2 s), and remained in context A for another minute. Both immediate and delay animals were killed 60 min after training. A third group, the home cage control (n ϭ 8) was killed directly from their cage. Animals were processed for Western blot (n ϭ 22) or immunofluorescence (n ϭ 3). The training procedure for the reconsolidation experiment was exactly the same as in experiment 1. To reactivate the memory, rats were brought into Context B the following day and exposed to a 32 s presentation of the white noise after a 6 min baseline period. Rats were removed from the chamber and brought into an adjacent room where they received infusions of RAP (1 g/l; n ϭ 12) or DMSO (n ϭ 11) into the amygdala. Twenty-four hours later, the rats were tested to the white noise for 2 min after a 6 min baseline.
After completion of testing, animals were killed with an intraperitoneal injection of sodium pentobarbital (100 mg/kg). Animals were transcardially perfused with saline followed by 10% buffered formalin solution. Heads, with cannulas intact, were placed in 10% formalin solution for at least 24 h. The brains were then extracted from the skull and placed in a 30% sucrose formalin solution until they were ready to section. Frozen sections (40 m) were collected throughout the amygdala, mounted on slides, and stained with cresyl violet. Injection sites were then determined with the aid of a rat brain atlas (Paxinos and Watson, 1998) .
Western blot experiments. Rats were exposed to the standard fearconditioning procedure (n ϭ 39) or contextual fear training (n ϭ 22) as described above. The rats were then returned to their home cage and killed 10, 30, or 60 min later. Ten of the rats killed at 60 min had received an immediate posttraining injection of RAP (5 g/l) or DMSO into the amygdala. Rats that underwent contextual fear training were all killed 60 min after training. Separate groups of untrained rats were killed from their home cage. Brains were removed and immediately put on dry ice and stored in a Ϫ80°C freezer before dissection. Amygdala tissue was dissected out by blocking the brain in a rat brain matrix (Harvard Apparatus, Holliston, MA) and making a single coronal cut at the anterior tip of the amygdala and one at the posterior end of the amygdala. Both sides of the whole amygdala were dissected out from the blocked tissue by making a cut along the external capsule and a diagonal cut along the optic tract. The tissue sample was homogenized in buffer (all in 100 ml DDH20; 0.605 g Tris-HCl, 0.25 g sodium deoxycholate, 0.876 g NaCl, 0.038 g EDTA, 0.0042 g NaF, 1 g/ml PMSF, 1 g/ml leupeptin, 1 g/ml aprotinin, 10 ml 10% SDS, 1 mM sodium orthovanadate) and immediately placed on dry ice. Samples were stored at Ϫ80°C until needed. Samples were thawed and then centrifuged at 4000 rpm for 20 min; the supernatant was removed and measured using a Bradford protein assay kit (Bio-Rad, Hercules, CA). Protein samples were normalized and loaded on 6% SDS-PAGE. Proteins were transferred from the gel to a membrane using a semidry transfer apparatus (Bio-Rad). Membranes were incubated in blocking buffer for 2 h and then incubated overnight at 4°C in primary antibody for phospho-p70s6K (Thr 412) (1:1000; Upstate Biotechnology, Lake Placid, NY) or nonphospho-p70s6K (1:1000; Upstate Biotechnology). After primary antibody exposure, the membranes were incubated in secondary antibody (1:5000; Upstate Biotechnology) for 90 min. Membranes were washed thoroughly, placed in a chemiluminescence solution for 3 min (Santa Cruz Biotechnology, Santa Cruz, CA), and exposed to autoradiographic film (Hyperfilm MP). Images were taken and densitometry was performed using NIH Image J. A percentage of control score was derived for each rat by dividing each animal's relative optical density score by the home cage control group mean. This percentage of control score was then statistically analyzed using a one-way ANOVA and Fisher's least significant difference (LSD) post hoc tests.
Immunofluorescence procedure. After contextual fear training, the rats in this experiment (n ϭ 3) were killed with an intraperitoneal injection of sodium pentobarbital (100 mg/kg) and perfused with saline followed by 10% buffered formaldehyde solution. Brains were quickly removed and stored overnight in 10% buffered formaldehyde. The following day, brains were washed three times with 0.1 M PBS for 10 min. Fifty micrometer sections were taken throughout the amygdala and placed in a 24-well plate filled with 500 l of 0.1 M PBS. After sections were taken, slices were incubated on a titer plate in 500 l of 1% NaBH4 for 15 min, followed by two 10 min washes with 0.1 M PBS, and a 30 min wash with 10% NGS. Slices were incubated overnight in 500 l of primary antibody diluted 1:50 against phospho-p70s6K (Thr 412) (Upstate Biotechnology). The next day, slices were removed from the refrigerator, rinsed in 0.1 M PBS (two times, 10 min each), and incubated in anti-rabbit fluorescent secondary (1:200; Alexa Fluor 594; Invitrogen, Eugene, OR) in the dark for 2 h. Slices were then rinsed in 0.1 M PBS (two times, 5 min each) and mounted onto untreated glass slides using Prolong Antifade mounting medium (Invitrogen). Photomicrographs from these slides were acquired using a microscope (Olympus, Center Valley, PA) equipped with epifluorescence capabilities. All images were acquired using the same parameters (exposure time, etc.), and all brightness and contrast adjustments were exactly the same for all of the images (see Fig.  4c-e) .
Autoradiography procedure. Five male Long Evans rats were prepared with bilateral cannulas aimed at the amygdala (AP, Ϫ2.8; L, Ϯ 5.0; V, Ϫ7.2). Three rats received infusions of RAP (1 g/l; 0.5 l/side) into one side of the amygdala and DMSO in the other, while two rats received injections of anisomycin (125 g/l; Sigma) or artificial CSF (ACSF). Thirty minutes later, these rats received 1.0 l/side of [U-
14 C]-leucine (50 Ci/ml, 306 mCi/mmol specific activity; GE Healthcare, Piscataway, NJ) into both hemispheres. One hour later, all rats were killed and perfused with saline followed by 10% buffered formalin. Brains were stored overnight in sucrose formalin, and the following day the tissue was sectioned by taking 40 m slices beginning in the area ϳ2 mm anterior to the amygdala and continuing to the area ϳ2 mm posterior to the amygdala. Sections were mounted on slides and were then exposed to autoradiographic film (Hyperfilm MP Film; GE Healthcare) for 2 weeks. Densitometry was performed on developed films using an automated system (MCID; Imaging Research, St. Catharines, Ontario, Canada).
Results

Rapamycin delivered into the amygdala disrupts the consolidation of fear memory
In the first experiments, rats were trained in a fear-conditioning procedure by pairing white noise with footshock. Immediately after this training, rats were given infusions (0.5 l/side in all cases) of DMSO or different doses of RAP (5-1000 ng/l) into the amygdala. Results from an ANOVA on data from this experiment showed a dose-dependent effect of RAP on the consolidation of fear memory when animals were tested to the auditory CS (F (5, 32) ϭ 2.698; p Ͻ 0.05) and to the training context (F (5, 32) ϭ 2.634; p Ͻ 0.05) 24 h after training (Fig. 1a,b ). Tukey's honestly significant difference post hoc tests revealed a significant difference during the auditory CS test between controls and animals given 1 g of RAP. During the context test, post hoc analysis showed a significant difference between DMSO-infused rats and those given 500 ng of RAP. No statistically significant differences were seen between DMSO controls and any of the other groups during testing. Likewise, no differences were observed during the training session or during the baseline period of the auditory CS test (data not shown).
In a subsequent experiment, rats were trained with a slightly different training procedure and were given infusions (0.5 l/side in all cases) of DMSO or a slightly higher dose or RAP (5 g/l) into the amygdala. An independent samples t test performed on these data confirmed that rats infused with this dose of RAP showed significantly less freezing to both the training context (t 20 ϭ 2.373; p Ͻ 0.05) and the auditory CS (t 20 ϭ 2.269; p Ͻ 0.05) when tested 24 h later (Fig. 1c,d) . No statistically reliable differences were seen at any other point during training or testing (data not shown).
To rule out the possibility that RAP is disrupting memory by simply shutting down protein synthesis altogether, we looked at the effect of RAP on local [C14]-leucine incorporation in the amygdala. We observed only a minor decrease (ϳ12% reduction from control) compared with that seen with a behaviorally effective dose of anisomycin (ϳ50% reduction from control) (Fig.  2a,b) . These data are consistent with other work showing only small changes in overall protein synthesis rates after RAP treatment (Jefferies et al., 1994) , indicating that blockade of the mTOR pathway with RAP prevents the translation of a distinct subset of relevant transcripts instead of a global blockade of protein synthesis. The mechanism by which this specificity is achieved is not completely understood but is thought to involve preferential targeting by mTOR effectors of mRNA with extensive secondary structure and/or oligopyrimidine tracts in the 5Ј region (Raught et al., 2001) .
Fear conditioning activates the time-dependent phosphorylation of p70s6K
The second set of experiments was designed to examine the effects of fear learning on the relative expression of phosphorylated and nonphosphorylated p70s6K using Western blot analysis. This kinase is believed to be activated by mTOR, and phosphorylation of p70s6K can be blocked by RAP (Jefferies et al., 1994) . In this experiment, rats were trained in the same fear-conditioning procedure as described above and killed 10, 30, or 60 min after training. Controls were killed from their home cage without training. A one-way ANOVA performed on the data (Fig. 3a) showed a time-dependent change in the level of phospho-p70s6K in the amygdala as a result of conditioning (F (3, 25) ϭ 10.358; p Ͻ 0.05). Fisher's LSD post hoc tests revealed a significant increase in phospho-p70s6K levels versus home cage controls in rats killed at 30 ( p Ͻ 0.05) and 60 ( p Ͻ 0.01) minutes after training. The post hoc tests also showed that tissue taken from rats killed at 30 and 60 min after training showed significantly more phospho-p70s6K expression than the group killed at 10 min. The same tissue samples were also assayed for changes in total p70s6K. Importantly, a one-way ANOVA showed no significant changes in the total amount of p70s6K because of training condition (Fig. 3c) .
Rapamycin blocks training-related increases in phospho-p70s6K
Data from the first experiment showed that an immediate posttraining injection of RAP in the amygdala disrupts the formation of fear memory. We also showed that a downstream target of the mTOR kinase phospho-p70s6K increases in a time-dependent manner after fear learning. To link these two observations, we next examined the effect of immediate posttraining infusions of RAP (5 g/l) in the amygdala on the increase in phosphop70s6K seen at 60 min after training. A one-way ANOVA on the data from this experiment showed that animals given RAP after training showed less phospho-p70s6K expression in the amygdala at 60 min compared with rats infused with vehicle (VEH) (F (1,9) ϭ 6.630; p Ͻ 0.05) (Fig. 3b ). An ANOVA confirmed that no differences were seen in total p70s6K expression in the amygdala after treatment with RAP (Fig. 3d) . The fact that a memory-impairing dose of RAP also blocked the training-related changes in phospho-p70s6K suggests that the observed increase in the activity of this enzyme is related to memory consolidation.
Training-related increase in phospho-p70s6K is specific to the learned association We exposed rats to contextual fear conditioning or an associative control procedure in which shock is delivered immediately after placement in the chamber. This procedure equates exposure to the shock and environmental cues but does not support fear learning or memory formation (Fanselow, 1990) . Rats were killed 60 min later and processed for Western blots or immunofluorescence. A one-way ANOVA on data from the Western blot experiment confirmed that expression of total p70s6K in the amygdala was similar in trained animals when compared with controls and nonstimulated (home cage) rats (F Ͻ 1.0) (Fig. 4a) , although there was a significant change in phospho-p70s6K levels with this procedure (F (2, 19) ϭ 4.485; p Ͻ 0.05). Fisher's LSD post hoc tests showed that significant increases in immunoreactivity to phosphorylated p70s6k was seen only in the amygdala of animals exposed to the procedure that results in robust learning (delay vs home cage, p Ͻ 0.01) and was essentially absent in controls (Fig.  4b) . The immunofluorescence images show the same pattern as the Western blot data whereby dense staining for phosphop70s6K is only seen in the lateral amygdala from the rat exposed to a delayed shock procedure (Fig. 4c-e) .
Postretrieval infusion of Rapamycin disrupts memory reconsolidation
To determine whether the mTOR pathway is involved in the long-term stability of fear memory, we gave rats postretrieval infusions of RAP or VEH into the amygdala. A one-way ANOVA performed on the data collected during the test session (Fig. 5) showed that rats treated with RAP after retrieval showed significantly less freezing when the memory was tested the next day Time-dependent activation of phospho-p70s6K in the amygdala after fear conditioning. Bars represent mean optical density (OD) values (ϮSEM) expressed as a percentage of control. a, Rats killed at 30 and 60 min after fear conditioning showed significantly more phospho-p70s6K expression in the amygdala compared with home cage (HC) controls or animals killed 10 min after conditioning. This increase in phospho-p70s6K seen 60 min after training is reduced by an immediate posttraining injection of RAP (b). c, d, No differences between groups were observed when the same samples were probed with an antibody for total p70s6K (c), and no changes in total p70s6K expression were seen in the amygdala after RAP infusion (d) (*p Ͻ 0.05).
(F (1, 21) ϭ 5.444; p Ͻ 0.05). There were no significant differences at any other point during training, retrieval, or testing (F values, all Ͻ1.7). These data argue that, in addition to being critical for initial consolidation, mTOR signaling is also important for the reconsolidation of fear memory after retrieval.
Discussion
Despite considerable evidence that RAP-sensitive signaling is involved in synaptic plasticity (Casadio et al., 1999; Tang et al., 2002) , very few studies have examined the effects of RAP on learning and memory in behaving animals. The data from our experiments show that consolidation of fear memory requires RAP-sensitive signaling in the amygdala. Rats infused with RAP immediately after training exhibited decreased freezing to the training context and to the discrete auditory CS. We also observed an increase in amygdalar phospho-p70s6K at 30 and 60 min after training. The increase in phospho-p70s6K seen at 60 min was blocked by a memory-impairing dose of RAP. Finally, we showed that mTOR signaling might also be important for memory reconsolidation as RAP given into the amygdala after a reminder treatment disrupted fear memory.
Two key questions regarding the role of the mTOR-signaling pathway in synaptic plasticity and memory are as follows: (1) what rapamycin-sensitive proteins are involved, and (2) in which part(s) of the neuron are they located. The mTOR pathway is known to regulate the translation of proteins that make up translational machinery, including various elongation factors and ribosomal proteins (Meyuhas, 2000) . Rapamycin-sensitive signaling has been shown to be involved in BDNF-mediated activation of translational factors and increases in selected proteins. Takei et al. (2001) showed that BDNF induces the expression of phospho-4E-BP1 and phospho-eIF4E in cortical neurons, and that this effect can be blocked by RAP. A related study found that RAP also attenuated the BDNF-induced expression of Arc and CamkII protein in cortical neurons (Takei et al., 2004) . Both of these proteins have been shown to be involved in synaptic plasticity and memory formation (Silva et al., 1992; Guzowski et al., 2000) . Takei et al. (2004) also showed that Arc and CamkII are expressed dendritically in a RAP-sensitive manner. Furthermore, other research has shown that BDNF-mediated increases in dendritic synthesis of homer2 during neural development can also be blocked by pretreatment with RAP (Schratt et al., 2004) . Work focusing on the molecular basis of LTP has also suggested that RAP has selective effects on dendritically located transcripts. For example, previous work has shown that LTP-induced expression of phospho-p70s6K is enhanced selectively in dendritic areas in a RAP-dependent manner in CA1 neurons (Cammalleri et al., 2003) . Other work has shown RAP-sensitive local protein synthesis to be necessary for LTP in hippocampal neurons that have been severed from their cell bodies (Cracco et al., 2005) . Collectively, these studies suggest that the mTOR pathway regulates the expression of several proteins that have a key role in synaptic plasticity, and that this regulatory function of mTOR is attributable to, in part, the disruption of specific translational events occurring at dendritic sites. However, the effects of RAP do not appear to be entirely restricted to dendrites as some evidence (Takei et al., 2004) has shown that RAP also has effects on somatic protein synthesis.
One of the more interesting observations in our data was that RAP disrupted memory reconsolidation. Several studies have shown that fear memory is susceptible to disruption with protein synthesis inhibitors around the time of retrieval (Nader et al., 2000; Kida et al., 2002) . Subsequent work has examined whether memory reconsolidation shares the same molecular mechanisms as initial consolidation. In particular, there is some controversy over whether memory reconsolidation requires transcription. Some reports have argued that like initial consolidation, memory reconsolidation relies on the synthesis of new mRNA and various transcription factors (Kida et al., 2002; Sangha et al., 2003; Lee et al., 2004) . However, under some conditions, transcription does not appear to be involved in memory reconsolidation. Recent data from our laboratory showed that whereas amygdalar protein synthesis is necessary for the reconsolidation of fear memory, mRNA synthesis is not (Parsons et al., 2006) . These data suggest that under some conditions, the synthesis of new mRNA is not . Training-related increase in phospho-p70s6K is specific to the learned association. Bars represent mean optical density (OD) values (ϮSEM) expressed as a percentage of control. a, b, There were no changes in total-p70s6K expression after immediate or delayed shock (a), but a significant increase in phospho-p70s6K was seen only in rats that received a delayed shock (b). Immunofluorescence images (20ϫ magnification) from single subjects killed from their home cage (HC) (c) or given a single shock immediately (IMM) or 2 min after placement into the chamber (DLY) are shown. d, e, Although controls (d) received the same shock and stimulus exposure, phosphorylation of the enzyme in the lateral amygdala was seen only in rats that formed new long-term memory for fear conditioning (e) (*p Ͻ 0.05). Figure 5 . Infusion of rapamycin into the amygdala after memory retrieval disrupts reconsolidation. Mean percentage of time spent freezing (ϮSEM) during the 32 s retrieval session and 2 min test is shown. Rats given RAP (gray bars) into the amygdala immediately after retrieval showed less freezing when tested the next day compared with rats that received VEH (black bars) infusion (*p Ͻ 0.05).
needed for reconsolidation, and that the protein needed for memory reconsolidation might be made from dendritically located mRNA stores. This conclusion is supported by the recent finding that memory consolidation in the chick can be disrupted by disabling the neuronal transport mechanism. Interestingly, the very same treatment had no effect after a reminder treatment arguing that synaptic strengthening that supports memory reconsolidation in this preparation depends on proteins synthesized in dendrites and does not require somatic protein synthesis (Mileusnic et al., 2005) . As we outlined above, there is considerable evidence that many of the effects of mTOR on plasticity are localized to dendrites. The positive effect with RAP on reconsolidation in our study suggests that the mTOR pathway may be involved in regulating the local protein synthesis that supports memory reconsolidation, but additional work would be needed to strengthen the link between the mTOR pathway and dendritic protein synthesis in our preparation to make this conclusion.
The data from this study add to a growing body of work arguing for a role of specific translational regulatory processes in synaptic plasticity and learning and memory. In a series of experiments using genetically altered mice, Kelleher et al. (2004) showed that the ERK pathway is involved in the regulation of protein synthesis through various translation factors, including the eukaryotic initiation factor 4E, 4E binding protein-1, and S6 ribosomal protein. Interestingly, in this same study, the phosphorylation of all of these factors was shown to be sensitive to rapamycin treatment. These same mice showed deficits on several measures of synaptic plasticity and memory. Previous work has shown that ERK signaling in the amygdala is critical for the consolidation and reconsolidation of fear memory Duvarci et al., 2005) . The role of ERK in synaptic plasticity and memory formation has been ascribed primarily to the effects it has on the regulation of transcription (Impey et al., 1998) . However, given that ERK signaling is also known to affect translational processes, it is difficult to determine whether the effects that ERK inhibition have on memory are a result of regulation of transcription or translation. Our results with rapamycin indicate that the memory-impairing effects of ERK inhibitors could essentially be explained in terms of their effects on the translational pathway controlled by mTOR.
The behavioral effects of rapamycin on memory in this study could be considered partial as evidenced by the fact that rats treated with RAP still show some freezing behavior. However, the effect sizes with RAP-induced memory impairment are generally similar to experiments in which we have blocked more global cellular processes (i.e., protein or mRNA synthesis) in the amygdala with very similar behavioral training protocols (Parsons et al., 2006) . To the extent to which the effects are partial, it is possible that any residual freezing is mediated by other intracellular mechanisms operating in parallel. Another possibility is that although the expression of phospho-p70s6K is highly reduced in the amygdala after RAP treatment, it is not a total blockade, and therefore the residual freezing might be supported by any kinase activity that was not affected.
Data from the current set of experiments show that consolidation and reconsolidation of fear memory is sensitive to RAP treatment in the amygdala. Furthermore, we observed timedependent changes in phophso-p70s6K after conditioning, which were demonstrated to be sensitive to RAP. The observation that activity of the mTOR pathway is involved in the consolidation of fear memory adds to an emerging body of data (Kelleher et al., 2004; Costa-Mattioli et al., 2005 ) that translational control is crucial for the regulation of synaptic plasticity and memory consolidation.
